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INTRODUCTION 

Solvent  e x t r a c t i o n  of c o a l  is  q u i t e  a t t r a c t i v e  t o  t h e  o r g a n i c  chemis t  as a 

means of o b t a i n i n g  a c o a l  model which ( a )  i s  d i r e c t l y  r e l a t e d  t o  c o a l ,  ( b )  i s  devoid 

of c o m p l i c a t i n g  m i n e r a l  mat ter ,  and ( c )  i s  s o l u b l e  i n  a t  l e a s t  one s o l v e n t .  P y r i d i n e  

i s  one of t h e  b e s t  common s o l v e n t s  f o r  c o a l s  w i t h  a carbon c o n t e n t  of less than  90% 

( 1 , 2 ) .  It has  been used e x t e n s i v e l y  f o r  b i tuminous  c o a l s ,  t y p i c a l l y  a f f o r d i n g  

e x t r a c t i o n  y i e l d s  of 15-30%. 

U n f o r t u n a t e l y ,  t h e  u s e  of p y r i d i n e  as a n  e x t r a c t a n t  s u f f e r s  t h e  major  

d i s a d v a n t a g e  t h a t  s i g n i f i c a n t  amounts  of p y r i d i n e  are r e t a i n e d  i n  c o a l  e x t r a c t s .  

C o l l i n s ,  e t .  a1.(3)  show t h a t  w h i l e  o n l y  0.24% of t h e  e x t r a c t  weight  is i r r e v e r s i b l y  

bound p y r i d i n e ,  f u l l y  11.8% by weight  of p y r i d i n e  c a n n o t  be removed under  h i g h  

vacuum (0.133 Pa) i n  48 h o u r s ,  and r e p e a t e d  benzene washing o n l y  lowers  t h e  pyr id ine  

c o n t e n t  t o  8 .85% i n  a n  I l l i n o i s  No. 6 c o a l  e x t r a c t .  

Having q u a l i t a t i v e l y  o b s e r v e d  t h a t  a t  l e a s t  some of t h e  r e t a i n e d  p y r i d i n e  was 

removed from c o a l  e x t r a c t s  by s u p e r c r i t i c a l  carbon d i o x i d e  (SC-C02), we proceeded t o  

t es t  t h e  f e a s i b i l i t y  of SC-CO2 e x t r a c t i o n  as a means of p r e p a r i n g  p y r i d i n e  f r e e  coa l  

e x t r a c t s .  

EXPERIMENTAL 

S u p e r c r i t i c a l  C 0 7  e x t r a c t i o n :  P y r i d i n e  e x t r a c t  ( s l g )  was placed i n  a 15x0.4 cm. 

s t a i n l e s s  s t e e l  column c o n t a i n i n g  5 p m  f r i t s  on e i t h e r  end and 300 ul. of w a t e r  was 

added t o  the  e x t r a c t .  The column was main ta ined  a t  40°C ( t h e  c r i t i c a l  tempera ture  of 

C02 i s  31.3OC); t h e  precolumn C02 p r e s s u r e  was 112 a t m  ( 1 1 . 4  MPa); 

of 1 2  a t m  (1 .2  MPa) was measured a c r o s s  t h e  column; and an e x i t  f l o w  rate of 

a p p r o x i m a t e l y  one ml /sec .  ( a t m o s p h e r i c  p r e s s u r e )  was main ta ined  f o r  4 h o u r s .  A 

s p i r a l  g l a s s  tube  connec ted  t o  t h e  e x i t  v a l v e  c o l l e c t e d  any n o n - v o l a t i l e  m a t e r i a l  

t h a t  w a s  removed by C02 from t h e  c o a l  e x t r a c t .  

a p r e s s u r e  drop 

*Operated f o r  t h e  U . S .  Department  of  Energy by Iowa S t a t e  U n i v e r s i t y  under  Cont rac t  

No. W-7405-Eng-82. T h i s  r e s e a r c h  w a s  s u p p o r t e d  by t h e  A s s i s t a n t  S e c r e t a r y  f o r  F o s s i l  
Energy,  O f f i c e  of Coal Mining.  
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E x t r a c t i o n  of c o a l  w i t h  p y r i d i n e :  E x t r a c t s  were o b t a i n e d  by u l t r a s o h i c a l l y  

mixing c o a l  wi th  f i v e  t i m e s  i t s  weight  of p y r i d i n e  f o r  30 m i n u t e s  a t  room t e m p e r a t u r e  

w i t h  a Branson S o n i f i e r  350 (20 kHz w i t h  a n  o u t p u t  power of 350 e l e c t r i c a l  watts t o  

t h e  c o n v e r t e r )  ( 4 ) ;  f i l t e r i n g  t h e  m i x t u r e  through a 0.5um T e f l o n  m i l l i p o r e  pad;  

c o n c e n t r a t i n g  t h e  f i l t r a t e  on a r o t a r y  e v a p o r a t o r  and f r e e z e  d r y i n g  t h e  c o n c e n t r a t e  

wi th  t h r e e  t imes  i t s  volume of benzene o v e r n i g h t  a t  a p r e s s u r e  of 1.33 Pa (5). 

Oxygen was excluded a t  a l l  t i m e s .  

RESULTS AND DISCUSSION 

F i g u r e  1 shows t h e  d i f f e r e n c e  spec t rum g e n e r a t e d  by s u b t r a c t i n g  t h e  i n f r a r e d  

spec t rum of t h e  C02-washed e x t r a c t  from t h a t  of t h e  unwashed p y r i d i n e  e x t r a c t  of 

Western Kentucky #9 c o a l  from t h e  Ames Coal  L i b r a r y .  The s h a r p  spec t rum s t a n d i n g  o u t  

above t h e  background i s  unambiguously t h a t  of p y r i d i n e  ( s e e  T a b l e  l), c o n f i r m i n g  t h a t  

t h e  major d i f f e r e n c e  b e f o r e  and a f t e r  t h e  C 0 2  washing i s  t h e  amount of p y r i d i n e  i n  

t h e  sample.  A s m a l l  amount of an  o i l  which i s  p r i m a r i l y  a l i p h a t i c  i n  n a t u r e  was a l s o  

recovered  i n  t h e  e l u e n t  from t h e  washing ( s e e  T a b l e  3 f o r  w e i g h t s ) .  

, 
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Figure 1. Difference Infrared Spectrum of the 
Pyridine Extract of a Western Kentucky No. 9 
Coal Before and Ate? Washing v i t h  Supercritical 
Carbon Dioxide. 

T a b l e  I .  
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'A. R .  Katritzky and P. J. Taylor. "Infrared . .  
Spectroscopy of Heterocycles," i n  Physical 
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Academic Press. New York.1. pp. 266- 
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The chemica l  a n a l y s e s  of coals, e x t r a c t s  and C02-washed e x t r a c t s  a r e  i n  Table 

2. Note t h a t  t h e  amount of n i t r o g e n  i n  t h e  sample i s  a n  i m p o r t a n t  i n d i c a t i o n  of 

e x c e s s  p y r i d i n e .  Assuming t h a t  p y r i d i n e  i s  t h e  o n l y  n i t r o g e n  c o n t a i n i n g  compound 

which would be l o s t  i n  t h e  c a r b o n  d i o x i d e  washing,  t h e  r e t a i n e d  p y r i d i n e  can be 

expressed  as e q u a t i o n  1. 

%Nabs - %Next 

% p y r i d i n e  = x 100 1) 
%Npyr - %Next 

where %Nabs is  t h e  n i t r o g e n  found,  % N  

c o n t e n t  of p y r i d i n e  (17.72%) and %Next i s  t h e  n i t r o g e n  c o n t e n t  

of t h e  p y r i d i n e  f r e e  extract  

i s  t h e  n i t r o g e n  
PYr 

However, t h e  v a l u e  of  t h e  numera tor  i n  e q u a t i o n  1 is v e r y  s e n s i t i v e  t o  t h e  e x a c t  

c h o i c e  of %Next and t h i s  means t h a t  t h e  % p y r i d i n e  cannot  be a c c u r a t e l y  

c a l c u l a t e d  o r  used as a r e l i a b l e  b a s i s  f o r  comparing samples .  By e x p r e s s i n g  t h e  

d i f f e r e n c e  i n  p y r i d i n e  l e v e l s  between t h e  e x t r a c t  b e f o r e  and a f t e r  C02 washing a s  A %  

p y r i d i n e ,  we o b t a i n  e q u a t i o n  2 ,  which is r e l a t i v e l y  independent  of t h e  %Next .  

b e f o r e  a f t e r  

%Nabs - %Nabs 
A %  p y r i d i n e  = x 100 

%Npyr  - %Next 

T a b l e  3 shows t h e  v a l u e s  f o r  A %  p y r i d i n e ,  t h e  weight  p e r c e n t  of a small amount of a 

h i g h l y  a l i p h a t i c  o i l  which was c o - e x t r a c t e d ,  and t h e  g r a v i m e t r i c a l l y  measured weight 

l o s s e s  due t o  t h e  e x t r a c t i o n  w i t h  CO2.  The amount of p y r i d i n e  removed by t h e  carbon 

d i o x i d e  e x t r a c t i o n  (8.5 t o  10.2%) is i n  good agreement  w i t h  C o l l i n s '  f i n d i n g  t h a t  8.8 

t o  11.6% p y r i d i n e  i s  r e t a i n e d  by t h e  e x t r a c t  bu t  n o t  i r r e v e r s i b l y  bound t o  i t .  

The removal of p y r i d i n e  from t h e  s o l i d  e x t r a c t  i s  a n a l o g o u s  t o  t h e  s e l e c t i v e  

e x t r a c t i o n  of a l k a l o i d s  from p l a n t  materials wi th  s u p e r c r i t i c a l  CO2(6). 

c a s e s  water  is as e s s e n t i a l  f o r  t h e  e x t r a c t i o n  of n i t r o g e n o u s  b a s e s  ( e . g .  c a f f e i n e  

from c o f f e e  b e a n s ( 7 ) ,  n i c o t i n e  from t o b a c c o  l e a v e s ( 8 ) ) ,  as i t  i s  f o r  t h e  e x t r a c t i o n  

of  p y r i d i n e  from c o a l  e x t r a c t s .  When d r y  c o a l  e x t r a c t s  a r e  washed wi th  s u p e r c r i t i c a l  

C02, even f o r  ex tended  p e r i o d s  of t i m e ,  i n f r a r e d  s p e c t r a  show t h a t  p y r i d i n e  h a s  been 

o n l y  p a r t i a l l y  removed. 

I n  many 

I 

One i n t r i g u i n g  p o s s i b i l i t y  i s  t h e  p y r i d i n e  removed under  d r y  c o n d i t i o n s  is t h a t  

p y r i d i n e  which c a n  be removed by benzene washing and t h a t  w e t  ca rbon d i o x i d e  removes 

t h e  more t i g h t l y  bound n o n - e x t r a c t a b l e  p y r i d i n e .  

8 6  



, 

TABLE 2. Chemical Analyses of Samplesa 

ILLINOIS 16 WESTERN KENTUCKY //9 
\ Coalb Extract CO?-Washed Extracts Coalb Extract COJ-Washed Extracts - -  

Exp. 1 Exp. 2 Exp. 1 E X ~ .  2 

1 C 78-82 80.93 79.02 79.30 82.39 81.86 80.97 80.99 

H 5.50 6.45 6.19 6.08 5.83 6.45 6.33 6.27 
N 1.59 2.91 1.52 1.53 1.91 3.67 2.22 2.09 

S 2.29 2-08 2.07 1.98 2.37 1.50 1.89 1.80 
org 

aAnalyses by Galbraith Laboratory, Knoxville, TN. 
bDmmfc; % mineral matter = 1.13 (%Ash) + 0.47 (%Spyr) + 0.5(%C1), and 

%Corg = %Cdry - 0.014(%Ash) - 0.0055(%Spyr), and 
%Horg = %H - 0.013(%Ash) + 0.02(%Spyr). dry 

'Given, P. H. and Yarzab, R. F., in Karr, C., Jr., ed., Analytical Methods for Coal 
and Coal Products, Volume 11, Academic Press, New York, NY, 1978, Chapter 20. 

TABLE 3 .  Results of Carbon Dioxide Extraction of Pyridine Extract 

Source Coal A% Pyridinea % Oil Extracted % Weight Lossb 

Ill. No. 6 (1) 8.6 2 . 3  11.2 

Ill. No. 6 (2) 8.5 2.3 12.2 

W. Kent. No. 9 (1) 9.3 
W. Kent. No. 9 ( 2 )  10.2 

0 . 2  

0.6 
13.3 

13.9 

aCalculated according to equation 2, assuming %Next = 1.5 for Ill. No. 6 and 2.0 

bBased on weight of sample before and after C02 extraction. 
for W. Kent. No. 9. 
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The e f f e c t i v e n e s s  of s u p e r c r i t i c a l  carbon d i o x i d e  f o r  removing p y r i d i n e  m y  be 

due  t o  one  o r  a l l  of t h e  f o l l o w i n g  e x p l a n a t i o n s :  

(1)  S u p e r c r i t i c a l  carbon d i o x i d e  can  p e n e t r a t e  t h e  i n t e r i o r  of t h e  s o l i d  

e x t r a c t  more e f f e c t i v e l y  t h a n  l i q u i d  benzene;  

( 2 )  Carbon d i o x i d e  h a s  t h e  a b i l i t y  t o  d i s p l a c e  p y r i d i n e  whereas  benzene cannot ;  

( 3 )  The e x t r a c t i n g  a g e n t  is a c t u a l l y  c a r b o n i c  a c i d ,  n o t  carbon d i o x i d e ,  and t h e  

p r o c e s s  is a n  a c i d - b a s e  e x t r a c t i o n .  

Our r e s u l t s  s u g g e s t  t h a t  t h e  c a r b o n i c  a c i d  e x t r a c t i o n  of t h e  b a s i c  p y r i d i n e  i s  t h e  

most  s a t i s f y i n g  e x p l a n a t i o n .  

1. 

2 .  

3. 
4 .  

5.  

6 .  

7 .  

8. 
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REACTION-INDUCED TEMPERATURE DEVIATIONS DURING 
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INTRODUCTION 

Previous investigations in this laboratory using a heated grid apparatus have 
indicated: 

1. Tar yields and the thermal sensitivity of tar yields obtained in primary 
(pressure 5 torr, disperse phase of particles 5 100 pm) devolatiliza- 
tion conditions are distinguishing characteristics of the devolatilization 
behavior of coal (1). 

2. The evolution of coal nitrogen reflects the evolution of coal mass as char, 
tar or light gas during primary devolatilization. Via coupling to the tar 
yield, the evolution of coal nitrogen becomes a distinguishing feature of 
primary devolatilization (2) .  

3 .  Increasing the thermal drive (simultaneously varying apparent heating rate 
and final temperature) did little to alter the total volatile yield but 
aid alter the distribution of volatiles. The most significant changes 
observed with variations in apparent heating rates from 10’ C/sec to 
103/sec and final temperatures of 600 C and above related to the tar frac- 
tion of the volatiles yield ( 1 , 2 ) .  

A major limitation of the experimental design of these previous experiments 
was the coupling between the heating rate and final temperature. In addition, no 
effort was made to determine if the devolatilization process itself significantly 
influences the temperature history of the sample. To gain further insight into the 
primary devolatilization process, particularly with respect to the tar yields, a 
new control circuit was designed to permit any heating rate from 800 C/sec to 
4 x l o 3  C/sec to any final temperature in the 300 to 1100 C range. 
cuit, the effects of sample characteristics on local heating of the grid were 
examined to assess the influence of devolatilization on programmed heating rates. 

With this cir- 

In addition to gaining further insight into the tar evolution process it is 
desirable to address such questions as: 

1. Can the primary devolatilization process significantly alter the temper- 
ature history of the devolatilizing coal mass? 

2. Do coals of varying rank characteristics show the same thermal requirement 
characteristics when subjected to the same rapid heating conditions? 
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